The rabbit pyrogen assay identifies pyrogenic contaminations in drugs i.l1tend~d for parenteral use. In order to replace this test because of ethical and economical reasons, various in vitro methods have been developed in recent years. Here, we summarize our results on optimizing a test based on using interferony-treated monocytoid cell lines from man (THP-l) and mouse (RAW264.7). The read-out of the test is neopterin or nitrite, respectively, which is released into the supernatant in response to bacterial compounds. These are costimuli of the enzymes involved in neopterin and nitrite formation, i.e. GTP cyclohydrolase I and inducible nitric oxide synthase. The test reproducibly detects cell wall components from Gram-negative as well as from Gram-positive bacteria and mycobacteria. Furthermore, DNA and cell-free supernatants containing a number of bioactive but not further characterized proteins, both from Staphylococcus aureus, can be detected. Thus, this test is superior over the only in vitro alternative accepted in certain cases, namely the limulus amebocyte lysate assay. Results obtained by measuring neopterin or nitrite correlate well with formation of the endogenous pyrogen tumor necrosis factor-a, a read-out used by some other cell-based in vitro alternatives to the rabbit pyrogen test. We therefore think that the assay presented here has the potential to reduce or even replace the animal test.
Introduction
Bacterial contaminations in dnlgs for parenteral use can cause fever and may subsequently lccKi to septic complications including shock (1), a lifethreatening condition with frequently fatal outcome (2) . According to the European Parmacopoea (Europ~iisches Arzneibuch 199~) , drugs have therdc)re to be tested tor pyrogenic contaminations by the \:i Correspondence: Gabriele Werner-Felma\'cr, Instinlte of Medical Chemistry and Biochemistly, University of Innsbruck, rrirz-Pregl-Str. 3, A-6020 Innsbmck, Ausu'ia rabbit pyrogen test. This test measures the rise of body temperature of rabbits after injection of the sample into the marginal ear vein. Because of ethical as well as economical reasons, various eff()rts to develop in vitro alternatives .U1d hence achieve a reduction or even replacement of the animal test have been made during recent years. These considerations led to acceptance of the limulus amebocyte lysate (LAL) assay in certain cases. This test uses amebocytes isolated from the hemolymph of the horseshoe crab Limulus polyphemus (3 ) which aggregate in presence of endotoxin which is lipopolysaccharide (LPS) fi-om Gram-negative bacteria. Deve-lopment of chromogenic LAL tests made this procedure easy to perform, robust, and highly sensitive detecting LPS in the pg-range. However, this test has certain limitations, e.g. it does not detect compounds from other than Gram-negative bacteria and it sometimes performs insufficiently in samples with high protein contents such as immunoglobulin preparations.
To overcome some of these problems, a number of tests using cultured cells and monitoring release of int1ammatory cytokines have been developed during recent years. These tests use primary monocnes ' macrophages from human blood, related cell lincs, or whole blood, and monitor formation of proint1ammatOL), cytokines or mediators such as interleukin-l, tumor necrosis factor-a (TNF -a), interleukin-6, or prostaglandins (4-9). As an alternati\'c .1p' proach, we have developed a test using hum~1I1 or murine monocytoid cell lines treated \\ 'ith interteron-y (IFN-y) in order to increase sensitiyin; and monitoring neopterin or nitrite, respecti\'dy (10) . For Gram-negative compounds, this test correlated well with the LAL test, and it nIrned out also to detect compolU1ds fi'om Gram-positive bacteria ( 10) . Here, we review our recent etlixts (11, 12) to optimize assay conditions, to characterize bioactive compounds from Gram-positive bacteria, and to correlate the test to other methods for pyrogen detection. Figure 1 sumrnarizes a simplified scheme of the biochemical basis fix the in vitro pyrogen test presented here . A number of mammalian cell types, including rnonocytes/ macrophages, produce increased amounts of pteridines when treated with IFN-y or, in certain cases, also with other cyto kines , e.g. TNF-a, interleukin-1, or with LPS. Combination of these stirnuli leads to maximal pteridine tC)fmation (reviewed in ref. 13 ) . This is due to an up to 50-fold induction of GTP cyclohydrolase I , the first and rate-limiting enzyme in biosynthesis of 5,6,7,8-tetrahydrobiopterin (H 4 -biopterin). This compound, a known cO[lCtor of aromatic amino acid hvdroxdases and of ether lipid oxidase, was also identified to be an essential eota.ctor of all three isofcxms of nitric oxide synthase (NOS) (reviewed in ref. 14) . NOS catalyzes the oxidation of L-arginine to L-citmlline and NO requiring molecular oA)'gen arid NADPH, heme, FAD, FMN, H 4 -biopterin, and zinc as cotactors (reviewed in refs. 15, 16, 13 Certain species-and cell-specific peculiarities concerning pteridine biosynthesis and induction of NOS render the issue more complicated than depicted in Figure 1 . Human cells form 7,8-dihydroneopterin/ neopterin in addition to H 4 -biopterin. This is due to the low activity of the second enzyme in H 4 -biopterin formation, i.e. 6-pymvoyl terrahydropterin synthase. Therefore, 7,8-dihydroneopterin triphosphate, the product from the GTP cyclohydrolase I reaction accumulates and is cleaved by phosphatases ( 18) . In primary hlUnan monocyres/ macrophages as well as in the m yelomonocytoma cell line, 6-pymvoyl tetrahydrobiopterin synthase is extremely low so that almost exclusively 7,8-dihydroneopterin/ neopterin is formed (18) . Numerous clinical studies showed that 7,8-dihydroneopterin/ neopteril1 is a marker of immuneactivation with prognostic potential in various diseases (reviewed in ref. 19 ). The low 6-pymvoyl tetrahydropterin synthase activity may be caused by skipping of exon 3 or exons 3 plus 4 leading to immanIre stop codons and hence inactive protein (20) . In contrast to hmnan cells, 6-pyn.1Voyl tetrahydropterin synthase activity of mouse cells is one order of magnitude higher so that only H-I-biopterin is formed (21 ) . The other peculiarity concerns iNOS in human cells. Although this enzyme \vas unambiguousl~' detected in human cells other than macrophages the reasons t()r the lack of iNOS in this cell tqx remain obscure. Howcver, human nucrophages activatcd in "in) cle;lrly have iNOS activity ( revinved in refs. 22, 23 ) , and nitrite/ nitrate levels in sera correlate with neopterin k\'Cls in rejection of transplants (24) and in HIV infection (25) .
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Optimized assay conditions
For the test presented here, two products from the pathways oudined above are used for guantifying bioactivity of test samples. These are neopterin formed by human Il1onocytoid cells (THP-l) or nitrite, an oxidation product of NO, formed by murine macrophage-like cells (RAW264.7). Bod1 products are readily detectable in supernatants, i.c. neopterin by enzyme-linked immunosorbent assay (ELISA) and nitrite by the Griess reaction (detailed in ref. 10 ). Cells are co-treated with IFN-y in order to increase their sensitivity to bacterial compounds (10) . Cell incubations and assays are done in 96-well plates which would allow for automation of the test. Earlier work used J774A.l cells(lO). This cell line, however, turned out to yield highly variable results and was therefore exchanged for RA W254.7 cells which produce highly reproducible results (12) . Serum-free cell culmre media (Ultraculmre for THP-l, X-Vivo 20 for RAW264.7, hoth from BioWhittaker, Walkersville, MD) which do not reguire further addition of senun albumin as is reguired for the previously used AIMV medium (10) were tested. As is summarized in Table 1 , THP-l cells still need a senun-containing medium (RPMIl640 containing 10% (v/v) of heat-inactivated fetal calf serum, FCS) for highest sensitivity, whereas sensitivity of RA W264.7 cells is not influenced by absence or presence of FCS (detailed in ref. 12 ) . Sensitivity ofTHP-1 and RAW264.7 is comparable (Table I) . However, THP-l cells perform better using 250 U / ml of IFN-y whereas RAW264.7 cells show the same sensitivity also with only 25 U I ml of IFN-y. The incubation time combining optimal sensitivity with low time investment is 20 hours (11 , 12) . Thus, for a standard protocol, THP-I cells grown in RPMI/ FCS and stimulated with 250 UI ml IFN-y or RAW2M.7 cells grown in X-Vivo 20 and stimulated with 25 U / ml IFN-y should be used. Test samples are added for 20 hours, supernatants are collected for determination of neopterin or nitrite, and cell viability is checked by a chromogenic cell proliferation assay (Cell Titer 96 AQueaous non-radioactive cell proliferation assa)~ Promega, 
Detection oj' various bacterial compounds
The characteristical compound of the outer membrane of cell walls from Gram-negative bacteria is LPS (26), a very potent inducer of septic shock (1, 2) . From a panel of LPS from various bacterial strains and partial strucmres thereof, intact LPS from smooth strains induced the strongest response of the indicator cells whereas LPS from rough strains, diphosphoryllipid A, monophosphoryl lipid A, and detoxified LPS caused a decreasing response, thus indicating that the polysaccharide O-antigen contributes to the observed effects (10) . LPS, especially those derived from smooth strains, could be detected in the pg-range hence being comparable to results obtained by the LAL test (summarized in Figure 2 ).
Highly purified compounds and toxins derived from Gram-positive bacteria or m ycobacteria could be detected by the cell lines only when used in high doses (10) . As expected, these compounds gave only weak or no signal with the LAL test (10) . Purified toxins showed highly variable results depending on source of dle toxin and on the cell line used (10, 12) . In contrast, all of the tested cell-free but otherwise cnlde supernatants from Staphylococcus aureus patient isolates strongly induced formation of neopterin or nitrite in the respective cell lines (11 ,12) . Four of these supernatants were contaminated with endotoxin, as was detected by the LAL test ( 1 1,  12 ). The supernatant from Pseudomonas aeruginosa was detected by the two cell lines and dle LAL test. 'L1.ken together, the data sumnurized in Figure 2 indicate that both cell lines give similar results to the LAL test for compounds from Gram-negative bacteria. For Gram-positive bacteria, the cell-based test is clearly superior over the LAL test thus being able to close this diagnostic gap left: by the LAL test.
In order to further characterize the bioactivity fcnmd in cell-free supernatants from S. aureus, the supernatant from patient isolate 652 was treated with heat (95°C for 10 min ) or digested (37'C for 1 h ) with proteinase K (12 U / ml ) or DNase ( 10 UI ml ) alone or with a cornbination of both enzymes. As can be seen from Figure 3 , the bioactivity of the S. au reus supernatant is heat-and DNase-resistant but sensitive to proteinase K , thus indicating that the bioactivity is mediated by heat-stable proteins. H eat-stability is one of the characteristic features of S. aureus exotoxins (27, 28 ) . The discrepancy in bioactivity observed between purified toxins obtained from commercial sources and crude supernatants from patient isolates may be caused by the purification process. Alternatively, coordinate action of various compounds may be responsible for the bioactivity observed in the supernatants, and a single purified protein may not be fully active on the cells tested. In line with this assumption, gelfiltration of the S. aureus supernatant identifIed a number of bioactive fractions which were distributed over a wide range of molecular masses being highest above 65 kDa. A typical experiment with results obtained for induction of neopterin formation in THP-l cells grown in RPMI 1640 supplemented with 10%
heat-inactivated FCS and co-stimulated with 250 UI ml IFN -y is shown in Figure 4 . Similar results were obtained using serum-free conditions (data not shown ) as well as with RAW264.7 cells grown in absence (11) or presence (12) lated with 250 U I ml IFN -y. With both cell lines, similar results were also obtained when the IFN-y concentration was reduced to 25 U I ml (data not shown). A strikingly similar profile of bioactivity was found by others using protein-free pheno lic extracts from S. aureus, commercially available as lipoteichoic acid, and a < 15 kDa compound, which co-purifies with cell wall components and forms aggregates of different molecular masses, was identified to be responsible for bioactivity (29) . It remains to be seen whether the protease-sensitive bioactive molecules observed here are related to this cell wall-derived molecule.
In connection w ith development of DNA vaccines, it became apparent that bacterial D NA which contains unmethylated epG motifs is highly immunostimulatory (summarized in ref. 30 ) and that oligonucleotides containing this motif are sutIIcient to induce septic shock in mice (3 1,32 ). Furthermore, it was shown that bacterial DNA is a co-stimulus of IFN-y for induction of iNOS in RAW264.7 cells (33 ) . We therefore were interested whether the cellbased pyrogen test presented here is able to detect bacterial DNA. To this end, genomic DNA was isolated from S. au reus (patient isolate 712) as detailed before (12) with the fo llowing modifications : frozen bacterial pellets were pulverized in a mortar in presence of liquid nitrogen, and the DNA isolated by a DNA purification kit in presence oflysostaphin ( 12) was hlrther puritled by phenol extraction and precipitated widl isopropanol. The concentration-dependent stimulation of nitrite formation bv S. aureus DNA and its efficient inhibition by DNase are ~hown in Figure 5 . Similar data were previously obtained with E. coli DNA (33 ) . Further experiments using optimized DNA purification protocols in order to obtain LPS-free DNA from E. coli are currently in progress.
Comparison with other in vitro tests
Comparing the test presented here "'ith another cell-based test, i.e. formation of~F-o: in the LPSsensitive clone THP-I 1 G3, shm"ed a good correlation (12 ) . Furthermore, results obtained with albumin and vaccine preparations tested '\'ith the THP-I 1 G3(TNF-a, the LAL, and the rabbit pyrogen test (8 ) were identical to those obtained with THP-l cells and neopterin detection ( 12) . The correlation of nitrite fcmnation and ~r-o: production in RAW264.7 cells (12) is shmn1 in Figure 6 . The Spearman rank coefEecient ' was 0.945 (p::;0.0028 ) ( 12) . It cannot be decided at present "'hether the usc of THP-l or of RAW264.7 cells is superior since both tests produce reliable results and have advantages and disadvantages concerning handling (discussed in ref. 12 ).
Conclusion
For ethical and economical reasons , alternative test rnethods to animal testing are more and more requested. The test established in our laboratory several years ago (10 ) was optimized (11) and compared to other tests (12) . The results obtained so far are encouraging the hope that such a kind of assay could reduce or even replace the rabbit pyrogen test. A number of other approaches have also been devel- TNF-a (ng/ml) Figure 6 . oped in recent years (see Introduction). In order to find out which of these in vitro alternatives performs best or possibly establish a new assay format which combines advantages of several of these tests, participation in a comparative interlaboratory investigation is planned. The final aim of this efTort will be to introduce an in vitro test for pyrogens into the European Pharmacopoea which closes the diagnostic gap left by the LAL test.
